There are several different opinions about the presence of dormancy in tea (Camellia sinensis), but no strong evidence is available to conclude whether or not seeds are dormant. Freshly matured tea seeds collected from Hangzhou, China, at the natural dispersal time did not germinate in light at daily alternative temperature regimes of 10/15, 15/20, 20/25, 25/35º C or at a constant temperature of 25º C. Seeds were permeable to water and the embryos did not grow prior to radicle emergence, thus, the seeds have no physical, morphological or morphophysiological dormancy. When cold-stratified at 4º C for 1, 2 and 3 months, 64, 88 and 93% of the seeds germinated respectively. Intact fresh seeds failed to germinate after treating with 0, 10, 500 and 1000 ppm GA 3 , whereas 3, 4, 61 and 86% of cracked seeds germinated respectively. Thus, the seeds have non-deep and intermediate physiological dormancy. Twomonths cold-stratified seeds buried at 0, 1 and 5 cm soil depth in pots showed that seeds at 1 cm depth established significantly higher number of seedlings (P <0.05) than at other two depths.
. Given the inherent risk of seedling death during conditions unfavorable for growth at times other than the growing season, many species produce seeds with some form of dormancy and specific requirement for light, so that the germination is restricted to the growing season (Baskin and Baskin 2014; Long et al. 2015) . Consequently, the presence of dormancy (or lack thereof) is an important selective mechanism influencing the distribution of plant species across various ecosystems (Willis et al. 2014 ). Thus, understanding seed dormancy and germination is critical to further our knowledge on ecosystem complexities and species distribution.
Camellia is an important genus with more than 200 species in the family Theaceae. The vast majority of species belonging to this genus are either endemic or adapted to China (Chen et al. 2007 ). However, many are being threatened in the wild due to deforestation and other anthropogenic pressures imposed on their natural habitat. This genus also includes Camellia sinensis L., commonly known as tea, which is an important commercial crop cultivated in over 40 countries for its leaves (Chen et al. 2007) . Tea is the second most commonly consumed beverage after water (Nair 2010) . The natural vegetation of tea has been undergoing significant alteration in recent years with the introduction of novel cultivars. As a result, studying the storage and germination of seeds has attracted some interest, but whether or not tea seeds have dormancy has not been explicitly quantified. This lack of understanding poses severe problems in providing viable seed materials to the next sowing season and during long-term storage of D r a f t seeds for conservation purposes because there is a risk of judging viable (but dormant) seeds as dead. This is crucial because tea seeds are considered to be recalcitrant, i.e. drying to low moisture content is lethal, but excised embryos can survive drying to very low moisture content (Chandel et al. 1995; Kim et al. 2002) . Thus, it is not known whether the whole seeds have some dormancy which can be alleviated when the embryos are excised and cultured.
According to Baskin and Baskin (2004) , a dormant seed is the one that does not germinate within 30 days when incubated under favorable conditions (including optimal temperature, moisture, light etc.) that stimulat germination in non-dormant seeds. From the studies available on tea seeds, several inferences can be made about the presence or absence of dormancy. Tubbs (1932) showed that germination of intact seeds buried under 1 cm of soil was slow during the first month, but 100% of seeds germinated when seeds were retrieved and tested after three months.
Likewise, Visser and Tillekeratne (1958) reported that intact seeds required 49 days to reach 75%
germination. The results presented by Sebastiampillai and Anandappa (1979) also show that germination of intact seeds was slow and continued for up to 9 weeks. However, these results contrast with Chandel et al. (1990) and Bhattacharya et al. (2002) by fungal or bacterial infection or immature seeds (judged by green color and small size) were discarded and the healthy seeds were immediately placed in plastic bags and stored at 4º C until used in the experiments. All the experiments began within 4 days of seed collection.
Seed weight and moisture content
The average weight of 100 seeds was determined by weighing eight replicates of 100 randomly selected seeds using a standard balance (0.001 g). The moisture content of the seeds was determined gravimetrically using four replicates of 15 seeds dried at 103º C for 17 h. The difference in fresh and dry weight was expressed as a percentage of wet weight basis.
Germination tests
Seeds used in the germination experiments were thoroughly surface sterilized with 1% sodium hypochloride for 15 min, then rinsed thrice in distilled water. Germination tests were conducted at four alternating temperatures (10/15, 15/20, 20/25, 25/35º C) and at a constant temperature of D r a f t 25º C. For all the temperatures tested, light was provided for 14 h during the warm phase or at 25º C in the case of constant temperature, at an intensity of c. 25 µ mol m −2 s −1 . The criterion for judging germination was radical emergence by at least 3 mm. Germination was scored daily or every alternative day until no seeds had germinated for 1 week. Final germination was expressed as a percentage of germinated seeds.
Exogenous application of GA 3
Intact and cracked seeds were treated with 0, 10, 500 and 1000 ppm GA 3 solution for 24 hours under laboratory conditions (20-25º C; 50-65% RH). These seeds were then surface-disinfected and germinated at 20/25º C, as described above.
Effect of cold-stratification
Intact seeds were cold-stratified at 4º C under white fluorescent light at an irradiance of 10 µ mol m −2 s −1 for 1, 2 and 3 months. The moisture content of the seeds at the end of each month was also determined in three replicates of 10 seeds as above. In addition, cracked seeds were also cold-stratified at 4º C for 1 month. All the stratification experiments were conducted in four replicates of 15 seeds taken in Petri dishes. Following the stratification period, seeds were examined for germination at 20/25º C with the same photoperiod used in the germination experiments.
Photographs of seed germination
In order to determine the changes in the external surface of the seeds during germination and identify the location where the radicle emerges on the seed coat, intact seeds cold-stratified for D r a f t one month and germinated at 20/25º C were photographed every 4 hours using a Canon TM camera.
Germination of seeds at different soil depths
To understand the germination ability of seeds in the natural environment, we sowed four replicates of 50 seeds previously cold-stratified for two months in pots filled with natural soil.
Three depths were chosen: (1) soil surface; (2) 1 cm and (3) 5 cm. The pots were incubated in a growth chamber set at 20/25º C with the same photoperiod used in the germination experiments.
The pots were watered regularly and the establishment of seedlings was monitored for 2 months.
Statistical analysis
The germination percentage of cold-stratified seeds and seedling establishment data were analyzed using one-way analysis of variance (ANOVA) followed by Tukey post-hoc test for statistical significance. For all the statistical procedures, data were arcsine transformed to improve the normality before performing ANOVA. All the data were subjected to statistical analysis in SPSS software (version 21.0).
Results

Seed weight and moisture content
The average weight of 100 seeds was 117.7±0.3g. Thus, on average, each seed weighed about 1 g. The average moisture content at the time of collection was 43.41.6%.
Germination of fresh seeds
No seed germinated at any temperature regimes tested, except at 15/20º C, where 3 seeds showed cracking of seed coat but no visible emergence of radicle. The germination experiment was terminated after 65 days.
Effect of GA 3 on seed germination
No fresh intact seeds treated with GA 3 germinated even after 67 days (Table 1) . However, fresh seeds cracked and treated with GA 3 improved germination significantly only at higher concentration (Table 1) .
Cold-stratification
Cold-stratification at 4º C for one month significantly improved germination compared with control seeds (P <0.05; Figure 2 ). However, seeds that were subjected to two months coldstratification germinated to 89%, which is significantly higher than the germination percentage of seeds that received one-month stratification (P <0.05). Although three-month cold-stratified seeds germinated to 94%, this was not significantly different from the two-month stratification treatment (P >0.05; Figure 2 ), suggesting two-months of stratification could alleviate dormancy in most of the seeds. Ninety-two percent of cracked seeds cold-stratified for one-month germinated.
Photomicrographs
Photographs taken during germination are shown in Figure 3 . The cracking of the seed coat occurred within 4 hours of imbibition and this was followed by the radicle elongation on the micropyle side. The radicle continued to grow and the shoot emerges from the elongated radicle.
D r a f t
Seedling establishment from various depths
Seedling establishment differed with the position of seeds in the soil. Overall, seedling establishment was poor in buried seeds compared to those sown on the soil surface. Seeds subjected to a two-month cold stratification treatment established a significantly higher percentage of seedlings at 1 cm depth (P <0.05; Figure 4 ) compared with seeds buried at 5 cm depth or at the soil surface. This suggests that there is an optimal burial depth at which seedlings emerge successfully.
Discussion
Freshly collected tea seeds at the natural dispersal time did not germinate even after 60 days at any of the temperatures tested, indicating that the seeds were dormant. Since seeds were permeable to water and their weight increased to 97% within three days, dormancy was not due to an impermeable seed coat (data not shown). In general, however, cracked seeds increased in mass more quickly than the intact seeds (data not shown), which is in agreement with Tubbs (1932) . Intact seeds failed to germinate after treating them with GA 3. Nonetheless, germination percentage of cracked seeds increased with increasing concentration of GA 3 (Table 1) .
Germination of cracked seeds treated with GA 3 occurred within a week confirming that the embryos were fully developed and the seeds have no morphological dormancy, as observed by Bhattacharya et al. (2002) . Cold-stratification also improved germination significantly ( Figure   2 ). Collectively, these results suggest that the tea seeds have physiological dormancy.
From our data, it appears that about 64% of the seeds collected had non-deep physiological D r a f t dormant seeds which germinated after 1-month cold-stratification and nearly 24% had intermediate physiological dormant seeds that required 2 months cold-stratification for germination ( Figure 2 ). The climatic data recorded in the study site between 1981 and 2010 show that winter begins at the end of November and lasts up to early February. The average temperature during winter was 5 ºC (Figure 1) . The seeds matured and were dispersed at the end of autumn, i.e. late October to early November, persist in soil during winter and germinate during spring. The requirement of cold-stratification to break dormancy is satisfied by low winter temperatures. Further, the results that GA 3 treated intact seeds did not germinate suggest that the hard seed coat acts as a mechanical barrier at the time of seed dispersal as noted previously (Sebastiampillai and Anandappa 1979) . It is possible that cold-stratification received during winter months weakens the seed coat allowing the embryo to elongate. This was reported in some species with a hard endocarp, e.g. Prunus armeniaca (Jaganathan et al. 2015) , but, to the best of our knowledge, no such reports are available for Theaceae. Our results might explain the ecological significance of physiological dormancy in tea seeds preventing germination during harsh winter conditions.
The difference in opinion on whether or not tea seeds have dormancy can be attributed to several factors including the time of seed collection and location at which the seeds mature or both. Katsuo et al. (1970) convincingly demonstrated that ripe tea seeds of Japanese and Assam varieties germinated rapidly, but unripe seeds required 3 weeks of cold-stratification to germinate to a higher percentage. However, seeds collected in our study are mature; even some of the seeds had already dispersed to the ground at the time of collection. In a separate experiment, we germinated the seeds fallen to the ground at 25º C in Petri dishes with 1% agar-water and found D r a f t that the seeds can germinate only after one-month cold-stratification (data not shown). Given the fact that tea is indigenous to subtropical climate, seeds maturing in locations where winter conditions are warmer might not benefit from cold-stratification. However, we also rule out this possibility because, in most of the countries, including those in tropics, tea is commonly cultivated or grown at altitudes ranging between 1000 and 1500 masl (Chen et al. 2012; Sebastiampillai and Anandappa 1979) , where the winter temperatures are cold. But the question still remains, why are tea seeds reported as non-dormant? The answer may lie in the post-harvest storage conditions employed before submitting the seeds to germination test. Chandel et al.
(1990) stored seeds for 5 weeks at 10-15º C and subsequently germinated them, which possibly served as a cold-stratification treatment and resulted in immediate germination. Interestingly, Bhattacharya et al. (2002) also reported tea seeds were non-dormant, but whether the seeds were stored before germination is not clear. In spite of this, they collected seeds during January, i.e. at the end of winter, when the seeds would have been cold-stratified in the field. Alternatively, there might be some variation at the population-level driven by the environmental conditions selecting dormant or non-dormant seeds in a particular location. This is particularly true for many other physiological dormant species (Baskin and Baskin 2014) . Thus, more studies on tea species from different locations are required in the future to answer this question clearly.
Light is an important environmental factor regulating the germination of seeds in soil (Pons and Fenner 2000) . Previous studies conducted on Camellia and other Theaceae genera have shown that light is not an important requirement in some species for germination, while in others darkness inhibited germination (Shen et al. 2010; Shen et al. 2015) . The ability of C. sinensis to germinate both in light and darkness at a wide-range of temperatures implies that this mechanism D r a f t is important in allowing more seeds to germinate. It seems that the only chance for autumn dispersed tea seeds to germinate is the following spring. Seeds of C. sinensis that remain nongerminated after spring cannot persist in soil for a long-time because the high summer temperatures likely dry the seeds below a critical moisture level required for maintaining viability. In addition, tea seeds are also susceptible to soil microbes and fungi leading to viability loss. The moisture content of the seeds during the cold-stratification period remained above 30%
compared with 43% at the time of seed collection. The three month cold-stratification period used in the current study reflects the conditions prevailing in the natural environment and the seeds do not lose viability at sub-zero temperatures. A previous study from seeds collected at the same site showed that partial drying is not harmful to seeds (Hu et al. 1994 ), but we assume the natural conditions during summer may dry seeds below the safe level. It is of interest to note that our earlier field visits showed that no seeds found on the soil surface during late summer were viable and most of them were completely empty (Jaganathan et al. unpub) .
Based on the photographs taken and visual observations made during germination experiments, we conclude that germination in C. sinensis is hypogeal (Figure 3 ; see also Chandel et al. 1990 ).
The visible sign of germination is the breaking of the seed coat, followed by radicle elongation through this crack on the side of micropyle. The radicle has to grow enough in length before the shoot starts growing. The successful germination of tea seeds, as indicated by radicel emergence, in the present and previous studies, cannot be used as a useful indicator to conclude that seeds would develop into seedlings and establish plants in soil. Thus, we undertook seed burial experiments using cold-stratified seeds. The depth at which seeds are present in the soil significantly affects the establishment of seedlings. Seeds buried at 1 cm depth showed higher D r a f t seedling establishment compared with seeds buried at 5 cm depth or on the surface (Figure 4 ).
Examination of seeds buried at 5 cm depth revealed that the radicle grows deep into the soil but the shoot failed to reach the soil surface. However, the conditions at 1 cm depth are optimal for the shoot to emerge and reach the soil surface. Similar results have also been reported in other
Camellia species including C. nitidissima (Yang et al. 2008 Photomicrographs of a germinating seed that had been cold-stratified for two-months at 4º C and germinated at 20/25º C. Fresh seeds before placing in 1% agar-water (a); after 4h (b); 8h (c); 12 h (d);
16h (e); 20 h (f); 24h (g); 28h (h); 32h (i); 40 h (j); cross section of fresh seeds (k); backside of 8h germinating seed (l). C, cotyledons; E, embryo; EA, embryonic axes; M, micropyle; L, leaves; R, radicle; S, shoot; and SC, seed coat. Scale -5 mm. 
